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We demonstrate gate-control of the electronic ^-tensor in single and double quantum dots formed 
along a bend in a carbon nanotube. From the dependence of the single-dot excitation spectrum on 
magnetic field magnitude and direction, we extract spin-orbit coupling, valley coupling, spin and 
orbital magnetic moments. Gate control of the ^-tensor is measured using the splitting of the Kondo 
peak in conductance as a sensitive probe of Zeeman energy. In the double-quantum-dot regime, the 
magnetic field dependence of the position of cotunneling lines in the two-dimensional charge stability 
diagram is used to infer the real-space positions of the two dots along the nanotube. 



Carbon nanotubes have several attractive properties 
that make them favorable candidates for spin qubits and 
spintronics applications, with many recent experimental 
advances particularly in the area of few-electron quantum 
devices [1-6 . In addition to a low concentration of nu- 
clear spins and large confinement energies, nanotubes ex- 
hibit a unique circumferential spin-orbit coupling, which 
has been described theoretically [7] and characterized ex- 
perimentally [SHTO]. This spin-orbit coupling generates 
an effective magnetic field parallel to the axis of the nan- 
otube. Bends in nanotubes couple position and spin by 
creating a spatial dependence of the direction and mag- 
nitude of this effective magnetic field [11 . Recently, this 
effect has been used to facilitate electron dipole spin reso- 
nance and qubit manipulation [12 , 13 . Here, we demon- 
strate another key feature of nanotubes with bends: con- 
trol of the ^-tensor via electrostatic gates [11 . In addi- 
tion, we demonstrate the use of ^-tensor anisotropy to 
extract the positions of gate-defined single and double 
quantum dots along a curved nanotube, taking advan- 
tage of the ^-to-position mapping made possible by a 
bend. 

The device was based on a single-walled carbon nan- 
otube grown by methane chemical vapor deposition. 
During growth, van der Waals forces bind large num- 
bers of nanotubes to the silicon substrate in random 
orientations, including bent configurations. Though not 
used here, deliberate bending of nanotubes has also been 
demonstrated p^HTT] . A bent tube was identified by 
scanning electron microscopy, and Ti/Pd contacts (5/50 
nm thick) and a local side-gate (SG) proximal to the 
left arm of the bend were patterned by electron beam 
lithography [Fig. 1(a)]. The degenerately doped silicon 
substrate formed a global back-gate (BG) insulated by 
0.5 Ilia of thermal oxide. The radius of curvature was 
^ 0.5 /im, with the two arms of the bend at angles 130° 
and 0° relative to the x-axis. The device was measured 
in a dilution refrigerator with an electron temperature 
of 0.1 K using direct current and lock-in techniques with 
a vector magnetic field which we label in polar and 
cartesian coordinates in the x-y plane of the tube as 

5 = (5,(p) = (5„5y). 



Coulomb diamonds with fourfold shell structure were 
observed in differential conductivity, dl/dV^ as a func- 
tion of source-drain bias, Vsd, and back-gate volt- 
age, Vbg^ with the side-gate grounded, as shown in 
Fig. 1(b) [20l Hi]. A group of four resonances closely 
spaced in ^bg, corresponding to consecutive filling of the 
spin-valley levels of a longitudinal orbital shell, can be 
seen in Fig. 1(b). A repeating pattern of three- two-three 
conductance ridges for Fsd < 0.5 mV are seen at oc- 
cupancies of one, two, and three electrons, respectively, 
above a full shell, which we attribute to the Kondo fea- 
tures in even and odd occupied Coulomb blockade val- 
leys. 

The single-dot spectrum as a function of was ex- 
tracted from conductance data in the Kondo regime at 
^BG = 0.616 V and 5y = 0, using the inflection point of 
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FIG. 1: (a) SEM micrograph of the bent carbon nanotube de- 
vice, consisting of Pd source (S) and drain (D) contacts, a lo- 
cal side-gate (SG), and a global back-gate (BG). (b) Differential 
conductance dl/dV as a function of the back-gate voltage Vbg 
and source-drain bias, Vsd, at B = T. (c) Gotunneling spec- 
troscopy in d^I/dV'^ as a function of a magnetic field in the 
plane of the chip at Vbg = 0.615V, corresponding to the blue line 
in (b). Green curves are fits to the model of the electronic spec- 
trum of straight nanotubes including spin (43 /ieV/T) and valley 
(290 /ieV/T) magnetic moments, spin-orbit (220 /ieV) and valley 
(70 /xeV) couplings, magnetic field relative to the nanotube (15°), 
as described in Ref. [O], and a threshold magnetic field (0.15 T), 
as described in Refs. [181 fT9j . 
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conductance as a function of Vsd to measure level posi- 
tion [22], as shown in Fig 1(c). The dependence of the 
spectrum on can be understood as resulting from a 
combination of spin-orbit coupling and/or valley mixing 
that breaks the degeneracy of the four spin- valley states, 
consistent with theory [23] and previous experiment [10] . 
Fitting the spectrum at negative bias to a model of a 
locally straight nanotube [10] yields spin (43 /ieV/T) 
and valley (290 //eV/T) magnetic moments, spin-orbit 
(220 fieV) and valley (70 /ieV) couplings, and magnetic 
field angle relative to the nanotube (15°) [Fig. 1(c)]. 
The model also includes a threshold magnetic field of 
0.15 T of Kondo peak splitting ^ We observed 

that the cotunneling spectrum is asymmetric in bias, as 
seen previously [24]. Device parameters are consistent 
with previous measurements jSHTO], except for the spin 
^-factor (1.5), which is somewhat smaller than previously 
reported {g = 2). 

Differential conductance, dl/dV, as a function of Vsd 
and VsG with Vbg = 0.72 V showed Coulomb diamonds 
with Kondo ridges at zero bias for every other charge 
state [Fig. 2(a)], similar to those in Fig. 1(b). In this 
regime, the Kondo peak shows a larger splitting for 
than for By [Fig. 2(b)], indicating that g is anisotropic. 
Anisotropy of the ^-tensor can also be seen in a plot of 
(Pl/dV^ as function of bias and magnetic field angle in 
the plane [Fig. 2(c)]. Here, the two infiection points of 
conductance appear as maxima and minima at positive 
and negative bias, respectively, with a maximal splitting 
near (f ^ 0°(x) and a minimal splitting near cp ~ 90° (y). 

Control of the ^-tensor is achieved by moving the posi- 
tion of the dot along the nanotube bend without changing 
its occupancy using two gates acting in opposition. For a 
many-electron quantum dot {N ~ 70), we can introduce a 
single voltage axis, F*, parametrized by ^SG, that tracks 
a Coulomb resonance as both gate voltages (SG and BG) 
are swept, as shown in Fig. 2(d). At all values of F*, we 
observed a sinusoidal dependence of the Kondo splitting 
on magnetic field angle in the plane [Fig. 2(c)], with the 
amplitude and phase of the sinusoid depending on V* . As 
an example, Kondo splittings along with sinusoidal fits 
are shown in a polar plot in Fig. 2(e) for ]/*=4.65 V (red), 
corresponding to Vsg = 4.65 V and Vbg = 0-84 V, and 
y*=4.85 V (purple), corresponding to Vsg = 4.85 V and 
Vbg = 0.76 V. The angles of maximal splitting, (pmax^ 
are clearly different for the two cases. Figure 2(f) shows 
values for (pma^ for five values of V*, corresponding to 
the points marked in Fig. 2(a). The angle where the 
maximum splitting occurred was found to change mono- 
tonically with a rough rate of ~ 8° for a change in y* of 
0.2 V. Based on the increase in (pmax for increasing F*, 
we note that in this instance the dot moved toward the 
right side of the bend as became more positive (while 
the global back gate became more negative). Given the 
position of the side gate, one might have expected the 
opposite direction of motion. Due to disorder, however. 
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FIG. 2: (a) dl/dV with Vbg = 0.8V as a function of bias and 
Vsg showing Coulomb diamonds in the Kondo regime, (b) Bias 
dependence of dl/dV with Vsg = 4.76 V (indicated by the green 
hue, (a)) at B = (black trace), = 1 T (blue), and By = 1 
T (red), (c) d^I /dV'^ at the gate voltages indicated by the green 
dot in (a) as a 1 T magnetic field is rotated in the x-y plane. The 
green line tracks the inflection point position indicated by the flrst 
maximum and minimum at positive and negative bias, respectively, 
(d) dl /dV as a function of VsG and Vbg at zero magnetic fleld. We 
deflne the voltage V*, parametrized by Vsg? along a single charge 
transition shown by the dashed white line, (e) The inflection point 
separation (dots), sinusoidal flt to the splitting (solid curves), and 
angle of maximum Kondo peak splitting (/:?max (arrows) are shown 
in red and purple at values of V* corresponding to the red and 
purple dots in (a), respectively, (f) (/:?max extracted from sinusoidal 
flts as in (e) for the flve settings of "V* shown in (a). 



the dot can move either way as a function of F*. Fabri- 
cating multigate devices and reducing disorder will both 
serve to increase control of dot position. 

Additional features associated with a bend are evident 
when the device is tuned to form a double quantum dot. 
This regime is characterized by the familiar honeycomb 
charge stability diagram, as seen in Fig. 3(a). To allow 
energy level shifts as a function of magnetic field to be 
examined for the two dots separately, we define two axes, 
VI and V2^ [dotted lines in Fig. 3(a)] midway between 
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FIG. 3: (a) Current as a function of VsG cind Vbg showing the 
honeycomb charging pattern of a few-electron double-dot at B = 
and VsD = 0. Voltages VI and V2 (parametrized by Vsg) cut 
across the cotunneling transitions L, R of the double dot, maximally 
detuned from the triple-point resonances. Inset: Crosses are the 
current as a function of Vbg at VsG = 1.223 V. The solid line is 
the fit to a cosh~^ lineshape (see text), (b), (c) Current along VI 
as a function of magnetic field magnitude dit Lp = (b) and in-plane 
angle at B = 1 T (c). (d), (e) Same as (c), (d) along V2. 



adjacent triple-point resonances. Changes in the position 
of points L and R, where axes VI and V2 cross the cotun- 
nehng hnes that define the charge stability boundaries, 
were used to track the evolution of energy levels of the 
left and right dots. (The left dot is the one closest to the 
side gate.) Accurate positions for points L and R were 
found by fitting cotunneling peaks along VI and V2 to 
the form I{V) = Jq cosh"^ [{V - Vo)/2W] [Fig. 3(a) in- 
set] , where W is the peak width due to both temperature 
and tunneling, expected to be valid for Vsb <^ W [25 . 
The observed behavior is well described by a capacitance 
model of a double quantum dot [26] and gives the tunnel 
coupling t = 0.59 meV and the mutual charging energy 
Ucm = 1-2 meV. From the size of the bias triangles at 
the triple-point between the points L and R in finite-bias 
measurements, we obtain the gate lever-arms that con- 
vert gate voltage and energy [27] . We note that the same 
lever arm values were found at 5x = 0.5 T and 1.5 T. 

Cotunneling current along VI and V2 as a function of 
B and (f are shown in Figs. 3(b-e). The dependence of 
points L and K on (f reflects anisotropy in g for the left 
and right dots, respectively. In particular, larger shifts 
from the zero field values occur when the field is par- 
allel to the section of the nanotube containing the dot; 
smaller shifts occur when the field is perpendicular to the 
nanotube segment. We note that the positions of the ex- 



trema in this dependence for the left and right dots do not 
occur at the same angles. From these dependences, we 
conclude that the left and right dots reside in segments 
of the tube that make different angles with respect to the 
applied field. That is, the double dot is on a bend. 

Two-dimensional plots showing the movement of 
points R and L from their zero-field values, defined as 
AVI and A V2, as a function of both field angle and mag- 
nitude are shown in Figs. 4(a,b). Field direction depen- 
dences of AVI and AV2 follow similar evolution, with an 
offset in phase. We also observe that there does not exist 
a field angle about which the level shifts are symmetric, 
especially evident for B < 0.5 T. We interpret the lack of 
symmetry, which gives Figs. 4(a,b) their overall canted 
appearance, as indicating that each dot extends along a 
segment of bent tube. The bend breaks the symmetry 
that would be present if each dot were within straight 
segment of tube. 

To model the angle dependence of AVI and AF2, we 
assume the energy levels of each dot respond to the ap- 
plied field as a function of the difference of the field angle, 
cp^ and the nanotube angle of a completely localized dot, 
^max- Thus, the energy levels for the right and left dots in 
gate voltage respond periodically with magnetic field an- 
gle, with a maximum corresponding to parallel field when 
^ = ^max and a minimum corresponding to perpendic- 



ular field, AVI (2) (X 



cos 



180 [^-^mW) 



We expect 



the model to be valid at higher fields, when the orbital 
magnetic energy is larger than the spin Zeeman energy, 
valley scattering, spin-orbit coupling, and changes in the 
charging energy. 

Figure 4(c) shows good agreement between data at 
5 = 1 T, fit using the cosh~^ form given above, and 
the model of phase evolution. Deviations between data 
and model may reflect the finite extent of the electron 
distribution or shifts in that distribution with magnetic 
field angle. We interpret (fma^ as the tangent angle of 
the nanotube at the mean position of each quantum dot. 
With this interpretation, we can convert (pma^ to a po- 
sition in real space using the angle distribution of the 
nanotube [Fig. 4(d) inset] and the micrograph of the de- 
vice [Fig. 4(d)]. The positions of the two dots represented 
by ^max are shown as a red circle ((/^^^ax = 143°) and a 
purple circle {(p^g^^ — 167°) in Fig. 4(d). 

We conclude that by using a bend in a carbon nan- 
otube, both the magnitude and angular orientation of the 
^-tensor can be controlled using electrostatic gates. Fu- 
ture experiments could use these effects to produce rapid 
spin manipulation beyond EDSR, for instance, by initial- 
izing a spin in one dot and moving non-adiabatically to 
the other, resulting in spin rotation at the Larmor fre- 
quency. 
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FIG. 4: (a) AV2, the shift of the point L along ^2 due to the 
vector magnetic field, (b) The same as (a) for AVI, the shift of 
the point R along VI. AVI and AV2 are parametrized by Vqq. 
(c) Black crosses show the shift of L, AV2, at B = IT (left axis). 
Black triangles show the shift of R, AVI, at B = 1 T (right axis). 
Red and purple traces are the fits to |cos {ip — (~pma^)\ for the 
points L and R, respectively, (d) Inset: the distribution of the angle 
tangent to the nanotube along the x direction, measured as shown 
in the white diagram on the SEM micrograph. Red and purple cir- 
cles in the inset show (^ma.yi for the left and right dots, respectively. 
Associating (y^max with the measured nanotube tangent angles, we 
infer the average position of the left and right dots, shown as the 
red and purple circles, respectively, on the micrograph. 
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